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Abstract—A systematic study was done on the effect of preparation factors on the structural and catalytic properties
of mesoporous nanocrystalline iron-based catalysts in high temperature water gas shift reaction. The catalysts were pre-
pared by coprecipitation method, and the effect of the main preparation factors (pH, refluxing temperature, refluxing
time, concentration of the precursors solution) was studied. The catalysts were characterized by powder X-ray diffrac-
tion (XRD), N, adsorption (BET), Temperature programmed reduction (TPR), transmission and scanning electron
microscopies (TEM, SEM) techniques. The results revealed that the preparation factors affected the textural and cata-
lytic properties of the Fe-Cr-Cu catalyst. The results showed that the prepared catalyst with the highest activity showed
higher specific surface area compared to commercial catalyst and consequently exhibited higher activity in high tem-
perature water gas shift reaction. The TEM analysis showed a nanostructure for this sample with crystallite size less

than 20 nm.
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INTRODUCTION

The water gas shift reaction is moderately exothermic and lim-
ited by its thermodynamic equilibrium [1]. Owing to thermody-
namic limitations and its exothermicity, the reaction is divided into
two steps on the industrial scale: high temperature and low tem-
perature water gas shift reactions [2,3]. The high temperature water
gas shift reaction is usually performed between 375 and 450 °C,
and the low temperature water gas shift operates between 200 and
300 °C [4,5]. Depending on the feed composition, the carbon mon-
oxide concentration of the high temperature water gas shift prod-
uct ranges between 2 and 3 vol%, whereas the low temperature water
gas shift product contains between 0.05-1vol% [6]. The chromia
promoted iron oxide is the conventional catalyst for the high tem-
perature water gas shift (WGS) reaction for the production of hy-
drogen in industry [7]. It is known that the magnetite (Fe,O,) phase
is the active phase in high temperature water gas shift catalysts.
The commercial lifetime of pure magnetite catalysts is limited be-
cause of thermal sintering and chromium oxide addition;, 8-12 wt%
Cr,0,, has been found to stabilize the surface area and extend the
catalyst life to 2-5 years. Cr* exists in solid solution within the Fe,O,
phase as an inverse spinel lattice and discrete Cr,O, grains are not
detected. In addition, commercial catalysts include 2-4 wt% CuO
as a promoter, which may provide active sites via formation of addi-
tional active sites [8,9].
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The preparation factors of catalyst synthesis method have a sig-
nificant effect on the structural properties of the prepared catalysts.
Coprecipitation is the most conventional method in preparation of
mixed oxide catalysts. In this method there are several parameters,
such as concentration of the solution precursors, pH, refluxing
temperature, refluxing time, which can affect the structural and
activity properties of the final catalysts [10]. Concerning iron oxides,
several works have been carried out to state the effect of the prepa-
ration method on the properties of these catalysts [11]. We did a
systematic study to investigate the effect of preparation factors on
the structural and catalytic properties of Fe-Cr-Cu catalyst in high
temperature water gas shift reaction.

EXPERIMENTAL

1. Materials

The starting materials were the divalent (FeSO,-7H,0O) and tri-
valent (Fe(NO,);-9H,0) iron salts as iron precursors. Chromium
(IIT) nitrate nonahydrate (Cr(NO;);-9H,0) and copper (II) nitrate
trihydrate (Cu(NO3),-3H,0) and NaOH were also used as Cr and
Cu precursors and precipitation agent, respectively. All reagents
were used as received without further purification or additional
treatment.
2. Catalyst Preparation

Fe-Cr-Cu catalysts containing 88.8 wt% Fe,O;, 8.88 wt% of Cr,O;
and 2.32 wt% of CuO were prepared by coprecipitation method.
Initially; based on the catalyst composition an aqueous solution of
the FeSO,7H,0 and Fe(NO,),-9H,0, Cr(NO5);-9H,0 and Cu(NO),:
3H,0O was prepared, deoxygenated by continuously bubbling argon
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gas through the reaction solution. The Fe* : Fe™* ratio was chosen
as 1:2. After that NaOH solution (1 M) was added dropwise to
adjust the desired pH value. After precipitation, the suspension
was refluxed at different temperatures for a certain time under con-
tinuous stirring. Then the suspension was filtered and washed with
hot deionized water for effective removal of ions. The final prod-
uct was dried at 90 °C for 24 h and calcined at different tempera-
tures for 4 h in air atmosphere.

3. Characterization

The specific surface area was evaluated by the BET method using
N, adsorption at —196 °C with an automated gas adsorption ana-
lyzer (Tristar 3020, Micromeritics). The Barrett, Joyner and Halenda
(BJH) method was used to determine the pore size distribution from
the desorption branch of the isotherm. Temperature-programmed
reduction (TPR) was carried out using an automatic apparatus (Chem-
isorb 2750, Micromeritics) equipped with a thermal conductivity
detector. Before the TPR experiment, a fresh sample (ca. 50 mg)
was treated under an inert atmosphere at 250 °C for 2 h, and then
subjected to a reduction treatment with a heating rate of 10 °C/min
in a reducing gas flow (20 mL/min) containing a mixture of H, : Ar
(10:90). The crystalline structure of the prepared catalysts was deter-
mined by X-ray powder diffraction (XRD) using a X-ray diffrac-
tometer (PANalytical XPert-Pro) using a Cu-Keor monochromatized
radiation source and a Ni filter. The surface morphology of the cata-
lysts was observed with transmission electron microscope (JEOL
JEM-2100UHR).

4. Catalytic Reaction

The high temperature water gas shift reaction tests were per-
formed in a quartz tubular fixed bed flow reactor (id. 8 mm) under
atmospheric pressure. A thermocouple was inserted in the bottom
of the catalyst bed to measure the reaction temperature. The total
catalyst charged for each reaction was held constant (100 mg and
with particle size of 0.25-0.5 mm). A gaseous mixture of 30% CO,
60% H,, 10% CO, and a water steam with desired H,O/dry gas
molar ratio were supplied to the catalyst bed. The gas flow rates
were controlled by the mass flow controllers (BROOKS 5850) and
water flow rates by a programmable syringe pump.

Prior to reaction, the catalysts were reduced using a gaseous mix-
ture of 30% CO, 60% H,, 10% CO, and a water steam with a H,O/
dry gas molar ratio of 0.6 at 400 °C for 2 h. The activity tests were
carried out at different temperatures ranging from 300 °C to 500 °C
in steps of 50 °C. Before each analysis, the effluent was passed through
a water-trap to remove the water from the product stream. The
gas composition was analyzed by an HID YL-6100 gas chromato-
graph equipped with a carboxen1010 column.

RESULTS AND DISCUSSION

The pore size distributions of the prepared catalysts under dif-
ferent pH values are shown in Fig 1(a). Increasing in pH value shifted
the pore size distribution to smaller sizes. The catalyst prepared
under pH value of 10 exhibited the narrowest pore size distribu-
tion. The commercial catalyst exhibited broad pore size distribu-
tion in meso- and macro-regions, Fig. 1(a) (upper inset). The N,
adsorption/desorption isotherms of the prepared catalysts are also
shown in Fig. 1(b). The observed isotherms can be classified as type

8
18,
(a) ~ —Commercial
pH=9 E 15
@
¢ 12
= 64 2 09
= z
= El 0.6
:‘n Z 03
£ 44 Y'Y S
s 4 0 20 40 60 80 100120
‘; Pore diameter (nm)
&0
< 5
=
-
=
04
T T T T T T T I T I T
0 5 10 15 20 25 30 35 40 45 50 55 60
Pore diameter (nm)
(b) B
— o-O C‘}fé'l%o
o Commercial BT
W P L
©
_"-‘Lr e * o decach doe—de K
= = x Xk . .
] pH=10 . Je e eeee
il -
é *—-—ﬂ-ﬁrn-ﬂ*-*‘-—f"*ﬁ‘ ..‘
E pH=9 ..wo}. Ak A daAA
Z —t—-t—
T | eeee-vesseerae e
P el
g pH=8 PR i
= At o i e Vr'(x
=l -
= w
PH~ » -—-.--—-I-'"'"-".
— T v T A T v T ' T
0.0 0.2 0.4 0.6 0.8 1.0

Relative Pressure (P.f'PD)

Fig. 1. (a) Pore size distributions and (b) N, adsorption/desorption
isotherms of the catalysts prepared under different pH val-
ues, refluxing temperature=60 °C, refluxing time=5h, con-
centration of the precursors solution=0.06 M and calcination
temperature=400 °C.

IV isotherm, typical of mesoporous material. The shape of the curve
indicates the absence of a narrow pore size distribution as suggested
by the lack of the typical step in the adsorption isotherm, which is
observed with ordered mesoporous structure. According to IUPAC
classification, the hysteresis loop is of type H2 indicating complex
mesoporous structure. The results clearly show that increasing in
pH value shifted the hysteresis loop to lower relative pressures (p/
p"), implying a decrease of the pore diameter and a narrower pore
size distribution for the samples prepared under higher pH val-
ues. The N, adsorption/desorption isotherm of the commercial
catalyst can be classified as a type V isotherm with a H3-type hys-
teresis, which is usually attributed to large mesopores or macropo-
res surrounded by a matrix of much smaller pores. For commercial
catalyst formation of the hysteresis loop at high p/p’ relative pres-
sure confirmed the broad pore size distribution of this catalyst.
The structural properties of the prepared catalysts under differ-
ent pH values are presented in Table 1. Increasing in pH value in-
creased the BET surface area and decreased the average pore size.
As can be seen, the sample prepared at pH value of 10 exhibited
the highest surface area and the smallest pore size. The results show
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Table 1. Structural properties of the prepared catalysts under different pH values

Surface area Pore volume Pore size Particle size* Lattice parameter (A”)

Catalyst s 1 3 1

(m“g™) (em’g™) (nm) (nm) a b c
pH=7 93.9 04 12.2 12.1 5.0023 5.0023 13.6246
pH=8 97.7 0.3 9.2 11.7 49832 49832 13.5754
pH=9 112.7 0.3 8.3 10.1 49753 49753 13.5471
pH=10 121.6 0.2 5.9 94 - - -
Commercial 76 0.2 104 15.0 - - -

Refluxing temperature=60 °C, refluxing time=>5 h, concentration of the precursors solution=0.06 M and calcination temperature=400 °C

*Determined by BET area
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Fig. 2. XRD patterns of the catalysts prepared under different pH
values, refluxing temperature=60 °C, refluxing time=>5 h, con-
centration of the precursor solution=0.06 M and calcination
temperature=400 °C.

that all catalysts exhibited higher surface area and smaller particle
size compared to commercial catalyst.

The XRD patterns of the catalysts prepared under different pH
values are displayed in Fig. 2. o~Fe,O; (o+-Fe,0;, ICDD# 01-1053)
was found in all the prepared catalysts and no crystalline phases
related to Cr or Cu were observed. It is noted that CuO content in
the prepared catalysts was lower than 3 wt%, which is difficult to
detect by XRD analysis. In addition, the ionic radius of Cu** (0.73 A)
is similar to the Fe** (0.74 A), which causes the incorporation of
Cu’" into the hematite lattice rather than to segregate as a separate
crystalline phase.

Furthermore, the ionic radius of chromium is similar to Fe’* and
these two oxides could form a mixed oxide. In addition, the dif-
fraction lines of this compound are in coincidence with those of
iron oxide [12]. Both these reasons make it difficult to identify the
iron chromium oxide species from hematite in XRD patterns. For
the commercial catalyst the sharp diffraction peak at 28° is related
to graphite, which is used during the shaping of catalyst powder.

The XRD analysis showed that increasing in pH value decreased
the crystallinity of the prepared catalysts. Increasing in pH value
decreased the peak intensities in XRD pattern, indicating a decrease
in crystallite size of the catalysts prepared under higher pH values.
As can be seen, the prepared catalyst at pH value of 10 exhibits a

July, 2015
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Fig. 3. TPR analysis of the prepared catalyst at pH value of 10 (reflux-
ing temperature=60 °C, refluxing time=5h, concentration
of the precursor solution=0.06 M and calcination tempera-
ture=400 °C) and the commercial catalyst.
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low degree of crystallinity. The degree of crystallinity is related to
degree of supersaturation during the nucleation and crystal growth
processes. The supersaturation degree is affected by temperature,
pH value and reactant concentration. Increasing in pH value in-
creased the supersaturation degree, which caused the formation of
new nuclei at a faster rate than crystal growth. This difference be-
tween the rate of formation and crystal growth gives the product
with lower crystallinity and particle size.

The lattice parameters (a, b and c) were obtained from the dif-
fraction peaks at around 26=33° and 64° using the correspond-
ing expression for hexagonal structure.

_4 (h +k +hk)

3 2 2
dhkl a C

)

From the calculated lattice parameters presented in Table 1, increas-
ing in pH value decreased the lattice constants. The decrease in
lattice constants is accompanied with a decrease in the intensities
of the XRD peaks (lowering the crystallite size), as shown in Table 1.

TPR results of the catalyst with the highest surface area (pre-
pared at pH=10) and the commercial catalyst are shown in Fig. 3.
For the prepared catalyst, three reduction peaks were observed in
TPR profile. The lower temperature peak observed at 240 °C is related
to the reduction of CuO to metallic copper and CrO; to Cr,Os. The
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second reduction peak at 350 °C is assigned to the reduction of Fe,O,
to Fe;O, and the last broad peak is due to reduction of Fe;O, to
FeO and metallic iron. The commercial catalyst also exhibited a
similar TPR profile with three reduction peaks. The T,,,, of the first
and the second reduction peaks in commercial catalyst are shifted
to higher temperatures, indicating the lower reducibility of the com-
mercial catalyst compared to the prepared catalyst in this work.

The catalytic results of the catalysts prepared under different pH
values are presented in Fig. 4. Increasing in reaction temperature
increased the CO conversion, except of the catalyst prepared under
the pH value of 10. The conversion of this catalyst decreased with
increasing the reaction temperature higher than 450 °C. The obtained
results showed that increasing in pH value improved the CO con-
version, due to improvement in BET surface area (Table 1).

The effect of refluxing temperature on the XRD patterns of the
prepared catalysts is shown in Fig. 5. The results confirm the exis-
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Fig. 4. CO conversion of the catalysts prepared at different pH values
and calcined at 400 °C, GHSV=3x10* mL/h-g,,, and steam/
gas=0.6.
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Fig. 5. XRD patterns of the catalysts prepared under different reflux-
ing temperatures, pH=10, aging time=5 h, concentration of
the precursor solution=0.06 M and calcination temperature
=400 °C.

tence of o-Fe,O; phase in all samples. In addition, no phases related
to Cr or Cu species were observed. Increasing in refluxing tem-
perature decreased the degree of crystallinity. The textural proper-
ties of the prepared samples under different refluxing temperatures
are presented in Table 2. The results show an increase in the spe-
cific surface area and a decrease in particle size with increasing in
refluxing temperature. This increase in surface area is more obvi-
ous from 40 to 60 °C. Increasing the refluxing temperature higher

Table 2. Structural properties of the prepared catalysts under dif-
ferent refluxing temperatures

Refluxing Surface area Pore volume Pore size Particle
temperature (°C)  (m’ g’l) (cm’® g’l) (nm)  size* (nm)
40 96.0 0.3 8.5 11.9
60 121.6 0.2 5.9 9.4
80 122.2 0.4 8.4 9.3

Refluxing time=5h, pH=10, concentration of the precursors solution
=0.06 M and calcination temperature=400 °C

*Determined by BET area
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Fig. 6. (a) Pore size distributions and (b) N, adsorption/desorption
isotherms of the catalysts prepared under different reflux-
ing temperatures, pH=10, aging time=>5 h, concentration of
the precursor solution=0.06 M and calcination temperature=
400°C.
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than 60 °C did not have a significant effect on the BET surface area.

The pore size distributions of the catalysts prepared under dif-
ferent refluxing temperatures are shown in Fig. 6. All samples exhibit
a single modal pore size distribution. As can be seen, increasing in
refluxing temperature shifted the pore size distributions to smaller
sizes. Among the prepared catalysts, the sample prepared at refluxing
temperature of 60 °C exhibited the pore size distribution in smaller
region. The N, adsorption/desorption of the catalysts prepared at
different refluxing temperatures also shows a type IV isotherm
with the H2 hysteresis loop.

The catalytic results of the samples prepared at different reflux-
ing temperatures are shown in Fig. 7. CO conversion improved by
increasing refluxing temperature from 40 °C to 60 °C, but further
increase of temperature did not have a significant effect on the CO
conversion. Both catalysts prepared under refluxing temperature
of 60 and 80 °C possessed a similar BET surface area (Table 2) and
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Fig. 7. CO conversion of the catalysts prepared under different re-
fluxing temperatures and calcined at 400 °C, GHSV=3x10"
mL/h-g,, and steam/gas=0.6.
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Fig. 8. XRD patterns of the catalysts prepared under different re-

fluxing times, pH=10, aging temperature=60 °C, concentra-

tion of the precursor solution=0.06 M and calcination tem-

perature=400 °C.
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consequently a similar catalytic activity.

Fig. 8 shows the XRD patterns of the catalysts prepared under
different refluxing times. With increasing in refluxing time, the inten-
sities of the peaks decreased, which indicates the lower crystallinity
(lower crystallite size) of the samples prepared under higher reflux-
ing times. The sample prepared under refluxing time of 5h exhib-
ited the lowest degree of crystallinity. The sample prepared under
refluxing time of 10h exhibited higher crystallinity compared to

Table 3. Structural properties of the prepared catalysts under dif-
ferent refluxing times

Refluxing Surface area Pore volume Poresize  Particle
time (m*g™) (em*g™") (nm)  size* (nm)
30 min 84.7 0.3 9.1 134
5h 121.6 0.2 59 9.4
10h 1034 0.2 6.3 11.0

Refluxing temperature=60 °C, pH=10, concentration of the precursors
solution=0.06 M and calcination temperature=400 °C
*Determined by BET area
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centration of the precursor solution=0.06 M and calcination
temperature=400 °C.
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the sample prepared under refluxing time of 5h. This might be
due to more time for growth of nuclei.

The structural properties of the prepared catalysts under differ-
ent refluxing times are presented in Table 3. The surface area in-
creased and the pore size decreased by increasing in refluxing time
up to 5h. Further increase in refluxing time decreased the BET
surface area and increased the pore and particle sizes.

The pore size distributions of the prepared catalysts under dif-
ferent refluxing times are shown in Fig. 9(a). Increasing in reflux-
ing time shifted the pore size distribution to smaller sizes. The catalyst
prepared under refluxing time of 5 h exhibits the smallest pore size
distribution. The N, adsorption/desorption isotherm of these sam-
ples are presented in Fig. 9(b). All samples show a type IV isotherm,
with the H2 hysteresis loop. The hysteresis loop of the sample pre-
pared under refluxing time of 5h was observed at lower relative
pressure, which confirms the formation of smaller mesopores (Fig.
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Fig. 10. CO conversion of the catalysts prepared under different
refluxing times and calcined at 400 °C, GHSV=3x10* mL/
h-g,,, and steam/gas=0.6.
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Fig. 11. XRD patterns of the catalysts prepared with different pre-
cursor solution concentrations, pH=10, refluxing time=5h,
refluxing temperature=60 °C and calcination temperature=
400 °C.

9(a)).

Fig. 10 shows the CO conversion of the catalysts prepared under
different refluxing times. The results show that increasing in reflux-
ing time from 30 min to 5h increased the CO conversion. But fur-
ther increase in refluxing time did not have a positive effect on the
CO conversion. The catalyst prepared under 5h refluxing time exhib-
its the highest catalytic activity among the prepared catalysts. It is

Table 4. Structural properties of the catalysts prepared with differ-
ent precursor solution concentrations

Surface Pore Pore Particle
Precursor concentration area volume  size size*
(m’g") (cm’g") (nm) (nm)
Molarity=0.06 mol/lit 121.6 0.2 5.9 94
Molarity=0.12 mol/lit 128.7 0.4 8.3 8.9
Molarity=0.24 mol/lit 123.7 0.3 7.5 9.2

Refluxing temperature=60 °C, refluxing time=5h, pH=10 and calci-
nation temperature=400 °C

*Determined by BET area
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Fig. 12. (a) Pore size distributions and (b) N, adsorption/desorp-
tion isotherms of the catalysts prepared under different pre-
cursor solution concentrations, pH=10, refluxing time=>5h,
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400 °C.
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notable that the catalyst prepared under 5 h refluxing time has the
highest BET surface area and consequently the highest CO con-
version.

Fig. 11 shows the XRD patterns of the samples prepared under
different precursor solution concentrations. All catalysts exhibit a
low degree of crystallinity. However, the sample prepared with a pre-
cursor solution concentration of 0.06 M shows the highest degree
of crystallinity.

The structural properties of the prepared catalysts with differ-
ent precursor solution concentrations are presented in Table 4. The
results show that increasing in precursor solution concentration
did not have a significant effect on the BET surface area. However,
the catalyst prepared with a molarity of 0.12 mol/lit exhibits the
highest BET area and the smallest particle size.

The pore size distributions of these catalysts are shown in Fig,
12(a). All catalysts exhibit a broad pore size distribution. The cata-
lyst prepared with a precursor solution concentration of 0.12 exhibits
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Fig. 13. CO conversion of the catalysts prepared under different
precursor solution concentrations and calcined at 400 °C,
GHSV=3x10*mL/h-g,, and steam/gas=0.6.
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the broadest pore size distribution.

The N, adsorption/desorption isotherms of the prepared cata-
lysts with different precursor solution concentrations exhibited type
IV isotherm with the H2 hysteresis loop (Fig. 12(b)). The precur-
sor solution concentration does not have a significant effect on the
N, adsorption/desorption profiles.

The effect of precursor solution concentration on the catalytic
activity is shown in Fig. 13. The results show that the decrease in
precursor solution concentration improved the CO conversion and

Table 5. Structural properties of the prepared catalysts calcined at
different temperatures

Temperature Surface area Pore volume Poresize  Particle
(°C) (m*g™) (em’g™") (nm) size* (nm)
400 121.6 0.2 59 9.4
450 52.0 0.3 13.9 21.9
500 259 0.3 234 44.0

Refluxing temperature=60 °C, refluxing time=>5 h, pH=10, concentra-
tion of the precursors solution=0.06 M
*Determined by BET area
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Fig. 15. (a) Pore size distributions and (b) N, adsorption/desorp-
tion isotherms of the samples calcined at different tempera-
tures, refluxing temperature=60 °C, refluxing time=5 h, pH=
10, concentration of the precursor solution=0.06 M.
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the catalyst prepared with the lowest concentration of the precur-
sor solution presented the highest activity.

The XRD patterns of the catalysts calcined at different tempera-
tures are shown in Fig. 14. Increasing in calcination temperature
increased the degree of crystallinity and the peak intensities due to
growth of crystals and construction to lager clusters. The particle
size increases with increasing the calcination temperature, Table 5.

The effect of calcination temperature on the structural proper-
ties of the catalyst with the highest activity is presnted in Table 5.
The BET surface area decreased with increasing in calcination tem-
perature due to growth of crystals, Fig. 14. In addition, increasing in
calcination temperature shifted the pore size to bigger sizes, Table 5.

The pore size distributions and N, adsorption/desorption iso-
therms of the catalysts calcined at different temperatures are shown

Intensity

0 100 200 300 400 500 600 700 800 900
Temperature (°C)

Fig. 16. TPR analysis of the calcined catalysts at different tempera-

tures, refluxing temperature=60 °C, refluxing time=5h, pH=

10, concentration of the precursor solution=0.06 M.
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in Fig. 15(a) and 15(b), respectively. The results show that increas-
ing in calcination temperature shifted the pore size distribution to
larger sizes (Fig. 15(a)). Increasing in calcination temperature shifted
the hysteresis loop of the calcined catalysts to higher relative pres-
sures, indicating larger pores (Fig. 15(b)). In addition, the type of
hysteresis loop changed from the H2 type for the catalyst calcined
at 400 °C to H1 type for the catalysts calcined at 450 and 500 °C,
which is characteristic of solids consisting of particles crossed by
nearly cylindrical channels or made by aggregates (consolidated)
or agglomerates (unconsolidated) of spheroidal particles. In this
case the pores can have uniform size and shape.

The TPR profiles of the catalysts calcined at different tempera-
tures are shown in Fig. 16. The calcination temperature does not
have a significant effect on the reducibility of the calcined catalysts.
Increasing in calcination temperature shifted the T,,,, of reduction
of Fe,0; to Fe;O, to higher temperatures and reduced the reduc-

70
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2
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Fig. 17. CO conversion of the catalysts calcined at different tempera-
tures, GHSV=3x10" mL/h-g,,, and steam/gas=0.6.
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Fig. 18. SEM analysis of the catalysts calcined at (a) 400 °C and (b) 500 °C, refluxing temperature=60 °C, refluxing time=5 h, pH=10, concen-

tration of the precursor solution=0.06 M.
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ibility of the catalyst.

Fig. 17 shows the CO conversion of the catalysts calcined at dif-
ferent temperatures. The results show that increasing in calcina-
tion temperature decreased the catalytic activity due to loss of surface
area caused by sintering at high temperatures. In other word, as
illustrated in Table 5, when the calcination temperature increased,
the surface particles were highly agglomerated and led to increase
in the particle and decrease in the specific surface area.

The SEM images of the catalysts calcined at different tempera-
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Fig. 19. Effect of (a) GHSV and (b) steam/dry gas molar ratio and
(c) time on stream (stability test) on CO conversion at 400 °C,
refluxing temperature=60 °C, refluxing time=>5 h, pH=10,
concentration of the precursor solution=0.06 M and calci-
nation temperature=400 °C.
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tures are shown in Fig. 18. The SEM analysis clearly shows an in-
crease in the particle size of the catalyst calcined at 500 °C, due to
agglomeration of particles at higher temperatures.

The effects of GHSV and steam/gas molar ratio on the CO con-
version of the catalyst with the highest activity are shown in Fig.
19(a) and 19(b), respectively. Increasing GHSV decreased the cata-
lytic activity due to decreasing the contact time (Fig. 19(a)). In addi-
tion, increasing the molar steam to dry gas ratio (S/G) increased
the CO conversion due to favorable effect on the equilibrium of
high concentrations of water (Fig. 19(b)). In addition, the results
show a high stability without any decrease in CO conversion for
the prepared catalyst with the highest activity (Fig. 19(c)).

The structural properties of the fresh and spent catalysts tested
at 400 °C for 100 h under the reaction condition of GHSV=3x10"
mL/h-g,, and steam/gas=0.6 are presented in Table 6. The BET
surface area of the spent catalyst was lower than that of the fresh
catalyst. In addition, the spent catalyst exhibits lower pore volume
and bigger pore size compared to that observed for the fresh cata-
lyst. Fig. 20 shows the pore size distributions and N, adsorption/
desorption isotherms (upper inset) of the fresh and spent catalysts.
The fresh catalyst exhibits a narrower pore size distribution cen-
tered at 8 nm. After the reaction the pore size distribution of the
catalyst shifted towards bigger sizes (12 nm) and this catalyst exhib-

Table 6. Structural properties of the fresh and spent Fe-Cr-Cu cata-
lysts, refluxing temperature=60°C, refluxing time=5h,
pH=10, concentration of the precursors solution=0.06 M

Surface area  Pore volume Pore size  Particle size
Catalyst y 1 3 1 *
(m“g) (em®g™) (nm) (nm)
Fresh 121.6 0.2 59 94
Spent 25.0 0.1 10.3 45.6
*Determined by BET area
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Fig. 20. Pore size distributions and N, adsorption/desorption iso-
therms (upper inset) of the fresh and spent catalysts, reflux-
ing temperature=60 °C, refluxing time=5 h, pH=10, concen-
tration of the precursor solution=0.06 M and calcination
temperature=400 °C, reaction condition of spent catalyst:
100 h time on stream at 400°C, GHSV=3x10*mL/h-g.,,,
and steam/gas=0.6.
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Fig. 21. XRD analysis of the fresh and spent catalysts, refluxing tem-
perature=60 °C, refluxing time=5h, pH=10, concentra-
tion of the precursor solution=0.06 M and calcination tem-
perature=400 °C. Reaction condition of spent catalyst: 100 h
time on stream at 400 °C, GHSV=3x10" mL/h-g .., and steam/
gas=0.6.

ited a broader pore size distribution, indicating a lower surface
area compared to the fresh catalyst. In addition, both the fresh and
spent catalysts exhibit type IV isotherm with an H2-type hystere-
sis loop (upper inset). For the spent catalyst, the hysteresis loop oc-
curred at higher relative pressure confirming a broader pore size
distribution of the spent catalyst compared to the fresh one. For
the fresh catalyst the hysteresis loop formed at a lower p/p° rela-
tive pressure, indicating a narrower pore size distribution (Fig. 20).

Fig. 21 shows the XRD patterns of the fresh and spent catalysts.
The fresh catalyst exhibits a low degree of crystallinity. However,
the spent catalyst shows a high degree of crystallinity and all the
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Fig. 23. (a) TEM and (b) EDX analysis of the fresh catalyst.

diffraction peaks in XRD patterns of the spent catalyst can be indexed
to the phase of Fe;O,, an active phase for HTS reaction. In addi-
tion, the diffraction peaks in the spent catalyst show higher inten-

WD: 7.0314 mm  VEGAN TESCAN

Performance in nanospace n

Fig. 22. SEM analysis of (a) spent and (b) fresh catalyst, reaction condition of spent catalyst: 100 h time on stream at 400 °C, GHSV=3x10"*

mL/h-g.,, and steam/gas=0.6.
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sities compared to those observed for the fresh catalyst, indicating
the bigger crystallite size of the spent catalyst.

The SEM images of the spent and fresh catalysts are shown in
Fig. 22(a) and 22(b), respectively. The fresh catalyst exhibits the
particle sizes in nano scale. In the spent catalyst the particles are
sintered together and form bigger particles. These results are in agree-
ment with the particle sizes calculated from the BET area (Table
6), which show bigger particle size for the spent catalyst compared
to the fresh one.

In addition, the TEM analysis (Fig. 23(a)) of the fresh catalyst
reveals that the crystals are in nanometer scale with a particle size
less than 20 nm. The EDX analysis (Fig. 23(b)) shows the presence
of Fe, Cr and Cu elements in this catalyst.

CONCLUSIONS

A systematic study was done on the effect of preparation fac-
tors on the structural and catalytic properties of mesoporous nano-
crystalline iron-based catalysts in high temperature water gas shift
reaction. The obtained results show that in coprecipitation method
thte increasing in pH value increased the BET surface area and im-
proved the catalytic activity. The increase in pH value decreased
the lattice constants, which is accompanied with decrease in crys-
tallite size. In addition, increasing in refluxing temperature up to
60 °C increased the BET surface area and catalytic activity, but fur-
ther increase in refluxing temperature did not have a significant
effect on the BET surface area and catalytic properties. There was
an optimum for refluxing time and the catalyst prepared with reflux-
ing time of 5h exhibited the highest surface area and catalytic activ-
ity. Moreover, decreasing in calcination temperature had a positive
effect on the catalytic activity. The TEM analysis shows a nano-

July, 2015

structure (with particle size less than 20 nm) for the fresh catalyst
with the highest activity. The results reveal that in the spent catalyst
the particles were sintered together and formed bigger particles.
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